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Abstract 
Quarter of the global greenhouse gas emissions are related to generation of electricity by combustion of fossil fuel. Office 
buildings are one of the highest energy consumers of the built environment, employing over half of its end use energy for 
heating, ventilation, air conditioning and lighting. The intense solar radiation received in the equatorial regions requires that 
cooling and dehumidification provided inside buildings at all times to achieve comfort. Comfort is a strong indicator of 
workplace satisfaction which further influences productivity. The research investigates the perception of indoor environment 
quality (IEQ) in differently ventilated workspaces and the applicability of each ventilation type in the tropical monsoon climate. 
The surveyed utilized a seven point unipolar and bipolar scale to measure occupant’s subjective evaluation of the indoor 
environment condition. Valid responses were collected from 523 participants of nine office buildings in Colombo, Sri Lanka. The 
buildings were categorized into three ventilation types for analysis: central air Conditioning (AC), ductless mini split system air 
conditioning (MM), naturally ventilated with operable windows and fans (NV). The perceived performance of AC and MM 
buildings were found to be similar in IEQ aspects; overall comfort, temperature comfort, temperature sensation, satisfaction with 
amount of natural light. AC and MM buildings were rated more satisfactory for overall comfort of indoor environment condition. 
The investigation reinforce the need for holistic, bottom up approach to design of environmentally sustainable office buildings.    
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1. Introduction 
Climate change, unacceptable pollution levels and depletion of non-renewable resources has made sustainable 
development a key research and policy issues. Quarter of the global greenhouse gas emissions are attributed to 
generation of electricity by combustion of fossil fuel [1]. Seventy percent of global end use energy consumption is 
directly or indirectly related to buildings and infrastructure [2]. Office buildings are one of the largest energy 
consumers in the built environment, and spends over 50% of its end use energy for heating, ventilation, air 
conditioning and lighting. The climate of Sri Lanka induced by monsoon winds features constant high temperatures 
(at sea level and low elevations) and high humidity throughout the year. In such hot humid climates the challenge is 
to reduce solar heat and humidity in buildings. The optimum thermal comfort conditions based on Fanger’s heat 
balance equation [3] requires that cooling and de-humidification provided inside building at all times to achieve 
comfort in Sri Lanka. Contrary to this claim three ventilation types are commonly employed in office buildings in 
the region; central air conditioning, ductless mini split system air conditioning and natural ventilation with operable 
widows and fans. This paper investigates the perception of indoor environment quality (IEQ) in differently 
ventilated workspaces and the applicability of each of these ventilation types in the tropical monsoon climate.  
 
1.1. Literature Review 
Buildings are a sensory experience. Environmental stimuli are senses via distinct sensory organs hosting sensory 
receptors; eyes, ears, nose, tongue, skin etc. Further there are unconscious senses namely kinaesthetic sense, 
receptors in the digestive and circulatory systems, sense of balance and equilibrium in the human inner ear [4]. 
Information received at these sensory receptors are transmitted to the brain through nerve cells and higher-order 
neurons as a nerve impulse. The nervous system, endocrine system and immune system regulated by the human 
brain manage, control and produce responses and symptoms to information received by sensory receptors. There are 
four basic environment factors which directly influence human perception of that indoor environment through the 
senses; thermal comfort, lighting quality, indoor air quality and acoustical quality. External stress generated by these 
environment factors influence the nervous system, immune system and endocrine system resulting in, discomfort, 
systematic effects of tiredness and poor concentration, psychological effects of depression and anxiety, allergic and 
hyper-reactive effects, infectious diseases and long term exposures may result toxic and chronic effects. Apart from 
environmental stress factors, internal stress factors such as age influence human senses due to degradation of the 
eyes, ears and olfactory bulb etc. A comfortable indoor environment is where there is exemption from unwanted 
environmental stress and one that allows the designated function to occur unhindered physically or mentally [5].  
The condition of the indoor environment is a product of the climate, location, and design of the building shell and 
interior. And the influence of the indoor environment on occupants are further modified by physical and psycho-
sociological factors. Filed surveys of thermal comfort in the tropics realized that the conditions which people find 
comfortable differed from the predictions of thermal comfort standards which were based on Fanger’s heat balance 
equation [6-11]. Nicol and Humphreys link these differences in optimum comfort conditions to feedback between 
the comfort of the subjects and their behavior, which allow adaptation to the climatic conditions where the surveys 
were conducted [12]. They further identified climate as the prime contextual viable which influence the thermal 
attitudes of people; whilst the basic mechanism of the human relationship with the thermal environment stay 
uniform in different climates. Climate influences the culture and design of buildings people inhibit; in variable 
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environment occupants will respond to changes in the environment by taking actions to change the environment or 
themselves. This implies that the comfort temperature is continually changing, therefore the extent of these changes 
and the rate at which they occur is important to specify conditions for comfort. 
following a literature review conducted on the relative importance of IEQ factors to overall satisfaction of the 
indoor environment, Kim and de Dear [13] investigated the influence of ventilation system type on the relationship 
between perceived performance and specific IEQ factors and occupants overall satisfaction. The analysis conducted 
using 22,518 samples revealed that thermal issues exerted their impact on overall satisfaction in different ways 
depending on the ventilation type. Kim and de Dear linked this phenomenon to difference in expectation of 
occupants in differently ventilated buildings. Adaptive opportunity in the built environment influence the way 
occupants perceive IEQ; Thermal dissatisfaction doesn’t necessarily result from non-neutral thermal condition, but 
rather when the thermal stimulus exceeds the limits of adaptive opportunity available to the occupants at that point 
in time. This study further identified naturally ventilated buildings as proving the highest adaptive opportunity. 
There is few research on the combined effect of IEQ on perceived comfort related to ventilation system types. The 
effectiveness or usability of environmental control in each building needs to be reflected in the classification of 
buildings for conclusive understanding of the benefits of each ventilation system.  
 
2. Method 
An Indoor Environment Quality (IEQ) survey is conducted in nine office building in the Colombo District 
belonging to the Tropical monsoon Climate. The method for this research includes a long term evaluation where the 
occupants provides a subjective measure of the indoor environment condition in the buildings. The occupant’s 
responses for evaluation of the indoor environment condition is marked on a seven point scale. The questionnaire 
used two types of scales; type 1- bipolar scale, in which the scale ranges between two opposite ends with better 
values located at the center of the scale. Type 2- unipolar scale where one end represents the worst option and the 
other end represents the best option. The subjective evaluation of indoor environment condition is divided into three 
parts; wellbeing, IEQ and perceived ability to control IEQ (Control of IEQ), the questionnaire items are listed in 
Table 1. Buildings are grouped into three categories according to ventilation system type summarized in Table 2. A 
total of 523 valid responses were collected from all buildings, the data was analyzed using the IBM SPSS statistics.  
 
Table 1: Questionnaire structure 
Index  Question Abbreviation Scale point 
1 7 
wellbeing  Rating for Overall comfort in the indoor work area of the building, 
considering all indoor environment factors 
OC Unsatisfactory Satisfactory 
 Does the building effect occupants health HEALTH Less Healthy More Healthy 
IEQ  Comfort of temperature in the work area of the building TC Uncomfortable Comfortable 
 Sensation of temperature in the work area of the building TS Too hot Too cold 
 Draft in the work area of the building DRAFT Still Draughty 
 Air Freshness in the work area of the building AQ Fresh  Stuffy 
 Satisfaction with overall lighting OL Unsatisfactory Satisfactory 
 Amount of natural light NL Too little Too much 
 Glare from sun and sky GLARE_S None Too much 
 Glare From lights GLARE_L None Too much 
 Satisfaction with Noise in the work place NOISE Very dissatisfied Very satisfied 
Control 
of IEQ 
 Satisfaction of ability to control temperature in the workspace C_TEMP Very dissatisfied Very satisfied 
 Satisfaction of ability to control air movement in the workspace C_AM Very dissatisfied Very satisfied 
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 Satisfaction of ability to control air quality in the workspace C_AQ Very dissatisfied Very satisfied 
 Satisfaction of ability to control amount of light in the workspace C_AL Very dissatisfied Very satisfied 
Table 2: Category of ventilation system types 
 Ventilation system type Abbreviation 
Category 1 Centrally air conditioned work places  AC 
Category 2 workplaces using ductless mini split air conditioning, identified as mixed mode ventilation system 
type (MM) 
MM 
Category 3 Naturally ventilated with operable windows and fans NV 
 
3. Results 
Table 3 compares the mean scores and standard deviations for wellbeing, IEQ and Control of IEQ factors across 
the three ventilation types. Satisfaction of the overall indoor environment condition (OC) is highest in AC 
workplaces followed by MM workplaces (M= 5.12, 4.85 SD= 1.33, 1.30). Occupants in all ventilation types reported 
a neutral score for impact of building on their health (HEALTH). People in all three ventilation systems reports still 
air conditions (DRAFT), however air freshness is reported close to neutral for all ventilation types with highest 
satisfaction reported for NV offices (M= 3.61 , SD= 1.38). Satisfaction of IEQ control for different IEQ parameters 
is reported close to neutral in all ventilation types with highest satisfactory scores for control of temperature reported 
in mixed mode buildings (M= 4.11, SD= 1.64).  
To check the statistical significance of the difference between means for wellbeing, IEQ and Control of IEQ 
factors across the three ventilation types Kruskal-Wallis test was performed, results are summarized in Table 4. 
Difference between means for variables satisfaction for overall lighting (OL), control of; temperature (C_TEMP), 
air movement (C_AM) and air quality (C_AQ) was found to be statistically not significant across the ventilation 
types (p= 0.15, 0.14, 0.67, 0.97). To evaluate the nature of the difference between mean ranks the Kruskal-Wallis 
test was followed up with post-hoc test, results summarized in Table 4. The difference between mean ranks for 
variables OC, TC, TS, NL, GLARE_L was accounted for by difference between mean ranks of ventilation types 
AC- NV and MM-NV, indicates that AC and MM buildings were similar in performance in these aspects compared 
with the naturally ventilated spaces. The difference between mean ranks for variables DRAFT and NOISE was 
accounted for by difference between mean ranks of AC- MM and AC-NV, indicates that MM and NV buildings 
were similar in performance in these aspects compared with the AC buildings. The difference between mean ranks 
for variables HEALTH and C_AL was accounted for by difference between mean ranks of AC- MM and AC-NV 
respectively.   
 
Table 3: Mean scores and standard deviations for perception of indoor environment condition  
Index  N  Mean  St. Deviation  Skew 
                 
 Ventilation Type NV MM AC  NV MM AC  NV MM AC  NV MM AC 
Question 
wellbeing OC 186 153 180  4.24 4.85 5.12  1.64 1.30 1.33  -.222 -.352 -.676 
HEALTH 185 153 178  4.56 4.27 4.81  1.62 1.37 1.42  -.329 -.165 -.286 
IEQ TC 162 136 151  4.15 4.60 4.85  1.46 1.53 1.60  -.223 -.185 -.706 
TS 152 131 148  3.55 4.50 4.73  1.08 1.255 1.21  -.688 .246 -.002 
DRAFT 152 128 139  3.42 2.78 2.51  1.38 1.57 1.42  .128 .678 .516 
AQ 160 133 145  3.61 4.21 3.74  1.38 1.53 1.72  .275 -.374 .139 
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OL 188 147 178  5.20 5.31 5.46  1.62 1.57 1.61  -.775 -.769 -.950 
NL 188 147 169  4.67 3.24 3.51  1.46 1.53 1.63  -.392 .285 .032 
GLARE_S 183 140 168  4.12 3.13 3.11  1.74 1.65 1.71  .025 .408 .378 
GLARE_L 178 144 164  3.11 3.82 3.59  1.74 1.80 1.58  .208 -.241 -.085 
NOISE 184 150 180  4.23 4.63 5.23  2.00 1.95 1.46  -.181 -.562 -.912 
Control of IEQ C_TEMP 189 153 178  3.89 4.11 3.71  1.64 1.64 1.85  .005 .117 .001 
C_AM 187 153 179  3.80 3.82 3.70  1.70 1.51 1.71  -.058 .050 -.047 
C_AQ 189 153 178  3.77 3.72 3.72  1.65 1.54 1.68  -.017 .230 -.016 
C_AL 190 153 178  3.90 4.20 4.36  1.65 1.69 1.62  .011 .015 -.293 
 
Table 4: Kruskal-Wallis and post-hoc test for difference between means for perception of indoor environment condition 
Index Question  Kruskal-Wallis test  Post-hoc test 
 Chi-Square  Asymp. Sig.  Chi-Square  Asymp. Sig 
       AC-MM AC-NV MM-NV  AC-MM AC-NV MM-NV 
wellbeing OC  35.21  .000  3.503 31.646 15.928  .061 .000 .000 
HEALTH  8.28  .016  8.860 .113 1.410  .003 .113 .235 
IEQ TC  18.82  .000  3.051 19.094 5.418  .081 .000 .020 
TS  47.56  .000  .427 38.554 30.974  .513 .000 .000 
DRAFT  17.19  .000  4.767 16.474 3.817  .029 .000 .051 
AQ  15.81  .000  10.144 .017 14.451  .001 .896 .000 
OL  3.78  .151  1.780 3.572 .190  .182 .059 .663 
NL  69.87  .000  .843 44.919 57.135  .358 .000 .000 
GLARE_S  34.28  .000  .014 24.794 25.357  .905 .000 .000 
GLARE_L  10.82  .004  2.775 3.365 10.181  096 .067 .001 
NOISE  7.38  .025  3.920 .013 1.999  .048 .013 .157 
Control of IEQ C_TEMP  3.92  .141  3.856 .477 1.737  .050 .490 .188 
C_AM  .79  .674  .754 .040 .435  .385 .842 .510 
C_AQ  .06  .968  .001 .042 .053  .971 .838 .818 
C_AL  7.32  .026  .652 6.983 2.972  .419 .008 .085 
 
Table 5 presents the percentages of occupants who utilized the IEQ control items available in each workplace. 
Occupants in NV buildings utilized the most number of indoor environment control items. The highest percentage of 
those not exercising any control of the available items is reported in AC buildings (29%). In all ventilation system 
types the most widely utilized item is curtains’ and blinds (AC=42%, MM=53%, NV= 52%). Higher percentage of 
occupants in MM buildings utilized the thermostat compared with AC buildings (MM=64%, AC=16%).    
Table 5: Percentage of utilized control for each building category  
Building 
category 
Curtains/ 
blinds 
Portable fan Operable 
window 
Ceiling fan Thermostat None of the 
above 
AC 42 5 26 0 16 29 
MM 53 14 33 20 64 13 
NV 52 47 74 54 0 5 
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4. Discussion 
The design of environmentally sustainable office buildings needs to have a human centered approach; occupants’ 
satisfaction in physical and perceptual terms is a product of the bi-directional relationship between user and their 
environment. The qualities of the environment effect human perception and attitude, further human behavior affects 
building performance. The ventilation system determines the characteristics of building envelope, internal volume, 
depth of floor plan, layout etc. consequently the ventilation system type impact all four basic environmental factors 
which directly influence human perception; thermal comfort, lighting quality, indoor air quality and acoustical 
quality. The research reveals that performance of AC and MM buildings were similar in variables; overall comfort 
(OC), temperature comfort (TC), temperature sensation (TS), satisfaction with amount of natural light (NL) and 
glare from sun and sky (GLARE_S) while performance differed for factors, influence of building on occupant health 
(HEALTH), draft in the work area (DRAFT), Air freshness (AQ), satisfaction with noise (NOISE) and ability to 
control temperature in workspace (C_TEMP). Performance for C_TEMP was similar in MM and NV buildings.   
AC and MM building were rated more satisfactory for overall comfort and temperature comfort. The temperature 
sensation for naturally ventilated buildings are inclined towards warmer and in AC and MM towards cooler 
sensations. Thermal sensation of people is quantified on seven point thermal sensation scale in the ASHREA 
standard 55-2004, the scale ranges from +3: hot to -3: cold. The PPD (predicted percentage of dissatisfied) index is 
related to the thermal sensation scale based on the assumption that people voting +2,+3,-2,-3 are thermally 
dissatisfied, ASHREA recommends PPD<10 for typical applications [14]. Based on the seven point thermal 
sensation scale used for the survey, Figure 1 reports the percentage of occupants voting 1,2,6,7. The percentage of 
those voting on the satisfied range of thermal sensation corresponding to the ASHREA seven point scale is highest 
in NV buildings, never the less the thermal sensation votes may not necessarily indicate the level of thermal 
comfort. As shown in previous research the thermal dissatisfaction occurs when thermal stimuli exceeds the limits 
of adaptation [15].  
 
 
 
 
 
 
 
 
Fig. 1. Percentage of people voting 1,2,6,7 on the thermal sensation scale 
Occupants in NV buildings reports more natural light in the workplaces compared to occupants in AC and MM 
buildings, further NV building reports higher levels of glare caused by sun and sky compared to MM and AC 
buildings. The high illuminace contrast in the field of view causes discomfort glare. Dynamic nature of natural 
illumination may cause a clear area to become glaring over time when directly lit by the sun. Therefore glare sources 
caused by daylight could often be much larger compared to artificial lighting installations. The increase solar 
radiation in the equatorial regions requires that conditioned workplaces avoid daylighting to reduce energy cost for 
HVAC systems associated with high solar heat gain [16], however two building in the AC group was naturally light 
during all working hours. the low dissatisfaction due glare of sun and sky in the AC buildings compared to NV 
building could be attributed to appropriate design of horizontal and vertical shading systems whereas in NV 
buildings the function of vertical shading is frequently compromised to allow airflow. A difference in mean rank is 
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reported for control of overall lighting between AC and NV building groups with higher satisfaction for control of 
lighting reported for AC workplaces (M= 4.36, SD= 1.62). Daylight glare in buildings can be decreased by design 
parameters; shading systems, location of openings at least 50o away from the line of sight (horizontal plane), by 
increasing illuminance in the whole field of view, by reducing contrast grading of potential glare sources etc. [17] 
Man and his environment is a dynamic system each impose a reciprocal influence on the other. Design of 
environmentally sustainable buildings needs to take a holistic approach where quality and integrity of building is 
displayed by each component. Such an approach allows greater flexibility and improves the ability for customization 
and adaptation [4]. The end user is a key component of design process, which has been demonstrated by numerous 
filed based research that indicate discrepancies between current standards and end user needs. This research 
investigates the influence of ventilation system type on occupant’s perceptions of that indoor environment. The 
investigation reinforce the dynamic nature of the reciprocal nature between man and his environment. Indoor 
environment stress creates discomfort when the environment stimuli exceeds the limits of adaptive opportunity 
available. Under all three ventilation system types occupants exerted considerable indoor environment control when 
opportunity was available, and such adaptation actions influenced the perception of that indoor environment through 
the feedback generated by the building system.   
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